Rugged, high current density NbN 1 _xC./MgO/NbNl_xCx tunneIjunctions have beetl fabricated and tested as voltage tunable Josephson junction terahertz oscillators. The emitted radiation from these junctions is detected on chip by a second junction which is capacitively coupled to the first. For oscillator junctions with a critical current density of J c ~ 3.5 X 10 4 AI cm 2 we find that the junction oscillates with a voltage amplitude of ~ 1.5 mY. The detected rf voltage level remains essentially constant from 300 GHz to above 1 THz. The oscillator junction produces 0.5 f.t W of terahertz radiation of which, due to impedance mismatch, 0.01 f.,l W is coupled into the detector junction.
For some time there has been much interest in the application of Josephson junctions as high-frequency, voltage tunable oscillators. Although the power available from a single device is somewhat limited the use of these devices in a coupled configuration could significantly boost the available power.] A Josephson junction local oscillator incorporated into a millimeter and submillimeter wave receiver system, perhaps in conjunction with a superconductor-insulator-superconductor (SIS) mixer junction,2 is quite attractive. In order to maximize both the oscillation frequency and pmver output of such oscillators high current density tunnel junctions with large superconducting energy gaps must be employed. NbN tunnel junctions appear attractive for this application because of the large energy gap ofNbN as wen as its high transition temperature which would aHow operation in dosed cycle refrigerators. Thus questions are raised concerning the successful fabrication, cooling, and oscillation behavior of high current density NbN tunnel junctions. In this tetter we report on a capacitively coupled Josephson oscillator-Josephson detector experiment that addresses these questions and that demonstrates that NbN junction:;; can be successfuUy employed as local oscillators at frequencies well above 1 THz.
The schematic for the integrated thin-film microstructure used in this experiment is shown in Fig. 1 . It consists of two SIS devices coupled at rf frequencies but dc isolated so that each may be individually biased, One junction is a mesa type 3 formed with NbN! _ x ex 4.5 base and counter electrodes and a MgO barrier. The second junction is an edge type 6 utilizing a Nb base electrode with a native oxide Nb 2 0 S barrier and Sn counter electrode. The top Nb layer of the hard junction interconnect is chemically anodized to form NbPs (E = 29), the dielectric of the rf coupling capacitor.
The Au layer under the NbN 1 _ x C~ base electrode and the AI layer over the NbN 1 x ex counter electrode aid in the removal of heat from the junction area to minimize self-suppression of the superconducting energy gap in these electrodes under bias.
In normal operation the mesa junction is biased to serve as the local oscillator and the edge junction serves as a Josephson rf detector, A Nb-Sn detector junction was used in this experiment to permit the study of the response of a Josephsonjunction at frequencies wen in excess of the gap sum frequency. Details of those particular observations as wen as the complete fabrication process for the device will be reported elsewhere; here we focus on the performance of the NbN oscillator junction.
A typical current-voltage (1-V) curve of a high current density generator is shown in Fig. 2(a) . The gap sum of the detector (1.8 mY) is somewhat reduced from the fun theoretical value (2 mY) because of impurities in the Nb film. The generator gap sum is reduced from 5 to 4-m V because the NbN1xC" is off stoichiometry. The edge junction base electrode together with the common Au wiring forms a transmission line which is capacitively coupled to the generator. The typical generator operating frequency is 1 THz. At this frequency the signal wavelength is 1 = 130 pm [correcting for the dielectric constant of A1 2 0 3 , 10;\1,0, = 5 (Ref. 7) 1, which is much longer than the 1O,um length orline between the generator and detector. Consequently we may approximate the phase of the signai as being constant over the length of the coupling structure and use of a simple ac circuit to model the device. The equivalent circuit is shown in Fig. 3 . C c represents the coupling capacitor, Lp and C p the parasitic inductance and capacitan.ce, respectively, associated with the coupling structure. For the dimensions shown in Fig. 1 we have C c = 0.7 pF, Lp = 0.24 pH, and C p = 0.05 pF. This means that at an oscillator frequency of 2 THz, for oscillator impedances of ~ 1 n and detector impedances of -20 n or greater, the coupling efficiency 11 approaches unity. Here 71 = VdlV g , where Vd is the amplitude of the oscillator signal across the detector and V" is the amplitude of the signal across the generator. For the device whose J-V characteris-
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FleE,!. Integrated thin-film microstructure used in tbe local oscillator experiments. Th.; bimetallic layers afe shown as single layers for c];u'ity, Vertical scales are greatly exaggerated. more, 71 remains close to unity even for frequencies down to 100 GHz, which represents a range of over a factor of20 in frequency over which the coupling efficiency is essentially unity, When de biased, the generator will produce an oscillating voltage signal Vii at a frequency determined by the Josephson relation (1) Here V bias is the average voltage across the junction, Vi< will be determined by the total capacitive loading of the generator. When the McCumber parameter /3 e defined byg (2) is less than unity the junction is not capacitivdy shunted and the maximum Vg obtainable is approximately IeRg, at least for V bias < 2t.., Because the feR product is proportional to t.., This is more accurate than applying Eq, (3) directly since flux trapping makes the precise determination of Ie difficult. Assuming a coupling efficiency of unity we find at f = 0.5 THz, Vi< = 1.54 mY, 58% ofihe maximum value of 2.66 ill V set by the leR product in the low /3c (zero capacitance) limit. While according to Eq, (2) to achieve the /3(' ~ 1 limit a critical current density of J" = 3 X 10 5 A/cm 2 is required we find that with a hysteretic J-V characteristic and a generator critical current density of J c = 3.5 X 10 4 A/cm 2 a rf power of 12 n W is being coupled into the 110 n detector junction, This corresponds to a peak generator power of V~I2R~ = 0.6p,Wwhich is poorly coupled into the detector because of the large impedance mismatch (50: 1) of the detector and generator. Thus the requirement of J c for a relatively high oscillator power level appears not to be severe. In designing the biasing structure the self-heating of the generator junction under bias and the local rise in temperature at the detector are important considerations. A measurement of the effectiveness of the biasing structure as a heat sink can be obtained by comparing the J-V characteristic of the generator with the sample cell tiUed with He gas and then imed with He liquid to improve thermal contact to the bath. We have observed negligible changes in the gap sum voltage under these two conditions and conclude that self-suppression effects of the generator are sman at these current densities, assuming that, as is generally the case, heat transport away from the junction is substantially increased by the presence ofliquid He. We may monitor the local tem-perature at the detector by measuring the Sn gap as a function of power dissipation of the generator. At a bath temperature of 1.5 K, we find that biasing the generator at 24 /1 W will raise the temperature of the detector 2.2 K, when only He exchange gas is present in the sample cell. With liquid He in the cell more than 5.5 times more power is required to produce the same temperature rise. When biased at the gap edge the generator dissipates 7.5 j-iW, so with liquid introduced into the cell adequate heat sinking should be obtainable with generator current densities wen into the i 0 5 AI cm 2 range. Using an aU NbN I x C x detector junction would further reduce the effects of small temperature rises on detector performance.
We have measured the frequency dependence of the pair current response as the generator bias is tuned through the gap sum of the detector. At frequencies at and in excess of the gap sum expression (3) is no longer valid and the full high-frequency theory which takes into account the frequency dependence of the pair current must be used. I I Although our measurements are not in agreement with the high-trequency theory above the gap sum they are consistent with previous measurements we have made on more closely coupled tunnel junctions. 12 Our re..<;ults indicate that the generator is functioning at frequencies at least up to 1.4 THz, although the pair current appears to decrease exponentially in frequency past the gap sum instead of the 1/ (() dependence predicted by the Werthamer theory. Experiments with a higher gap sum detector junction are now in progress to examine this high-frequency limit in more detail.
In conclusion, we have fabricated a double tunnel junction device for experiments in using high current density Josephson tunnel junctions as high-frequency local oscilla- tors. The local oscillator is directly coupled to the detector by a rf capacitor, which allows highly efficient broadband coupling to be realized. The detected rfvoltage level remains essentially constant from 300 GHz to above 1 THz. The applications of a refinement of this device to heterodyne mixing are obvious. The incorporation of an aU refractory detector junction into the device would raise the minimum operating temperature to 10 K, in the range of closed cycle He refrigerators.
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